INTRODUCTION 3 4
Modulation of host behaviour by the gut microbiome is well established from studies on 3 5 laboratory mice and rats, relying on comparisons between germ free (GF) animals, antibiotic-or Samples are sorted by the number of days since the animal was last captured. Each bar represents 1 3 7 an individual sample. above results were largely supported by a differential expression analysis (Figs. S2, S3). Mice 1 7 0 treated with the antibiotic showed a drastic loss in most taxa of the phyla Bacteroidetes and Bacteroides sp. and Bacteroidales (Bacteroidetes), and Erysipelatoclostridium ramosum 1 7 4 (Firmicutes). The change in composition of the saline group from the pre-treatment to treatment 1 7 5 period resulted from a decrease in Firmicutes which were mostly Ruminoclostridium 1 7 6 (Clostridiales), and an increase in Bacteroidetes, mainly comprised of Bacteroidales (Fig. S2 ). For voles, taxa differentially expressed due to the treatment were mainly Proteobacteria and unknown Enterobacteriaceae and Enterobacter, and Parasutterella. The treatment also caused an 1 8 0 increase in an unknown Clostridium taxon, Enterococcus sp., Erysipelotrichaceae, and Following the high vole mortality during the season (see next section), we restricted our analyses 1 8 5 on the effects of antibiotics on behaviour to deer mice. We measured exploration (i.e. total field; 29, 30) behaviour just before, and at the end of the treatment period. We found a group but no significant effect on anxiety, in deer mice (see Table S3 ). We thus conducted a path 1 9 0 analysis to determine the most statistically supported causal path from the antibiotic treatment to 1 9 1 the change in exploration. Two equivalent models best explained variation in distance travelled in the open field ( Fig. 4 ). In both models, distance travelled decreased with period and increased 1 9 3 with PC2, which was unrelated to the antibiotic treatment. However, in the first model, distance travelled increased (though marginally significant) with antibiotic (i.e. independent of its effect 1 9 5 on the microbiome). In the second model, the increase in distance travelled resulted from the 1 9 6 change in microbiome by the treatment. We measured the 95% kernel home range of each mouse during the pre-and post-treatment 2 0 0 periods. We found significant effects of the antibiotic treatment on home-range size in deer mice 2 0 1 (see Table S3 ). Two equivalent path analysis models best explained variation in home range size 2 0 2 ( Fig. 4 ). The first model included a reduction in home-range size resulting from the antibiotic-2 0 3 induced change in microbiome ( Fig. 4) . In the second model, the treatment modified the 2 0 4 microbiome, but not home-range size. Given that the relationship between home range size and 2 0 5 the microbiome (i.e. PC1) disappeared once we accounted for period ( Fig. 4) , this relationship 2 0 6 was likely driven by the antibiotic treatment. Bray-Curtis distances), and behaviour (OF distance and home range size) in deer mice. Two We compared survival during the treatment period of antibiotic-treated, saline-treated, 2 2 0 and untreated animals with cox proportional hazards analysis (Therneau, 2015) . Fifteen voles 2 2 1 and no mice died in captivity. Five (1 Antibiotic, 4 Untreated) were found dead in the trap when 2 2 2 traps were collected, and 10 (5 Antibiotic, 1 Saline, 4 Untreated) died during the manipulation or 2 2 3 before release. The average (± SD) proportion of days animals were detected between the first 2 2 4 and last detection during the treatment period was 81.5 ± 20.7% for mice, and 84.6 ± 19.0% for 2 2 5 voles. We found no differential change in weight between antibiotic-and saline-treated mice or 2 2 6 voles but mice increased in weight (t=2.7, p=0.02) and voles maintained a stable weight (t=-2.0, 2 2 7 p=0.07) throughout the study (Fig. S7 ). For mice the antibiotic treatment did not change the (z=0.20, P=0.84, Fig. 5 ). Conversely, for voles, the antibiotic group showed a reduced hazard the treatment period using a Cox proportional hazards ratio analysis for deer mice and red-2 3 6 backed voles. Hazard ratios below 1.00 represent a lower likelihood of death, while values above 2 3 7 1.00 indicate a higher likelihood of death. repercussions on the life history of the animals as measured by home-range size and survival. behaviours that could potentially improve foraging success.
7 7
We also observed correlations between the gut microbiome and exploration that were unrelated 2 7 8 to the antibiotic treatment. Specifically, the overall decrease in exploration with period was met 2 7 9 with a decrease in the relative abundance of Firmicutes (Clostridiales) and an increase in the 2 8 0 relative abundance of Bacteroidetes (Bacteroidales) (as seen in saline-treated mice) suggesting 2 8 1 that either of these orders or both may be related to exploration behaviour. This is further exploration-related behaviours (Bercik et al., 2011; Gacias et al., 2016; Tochitani et al., 2016) . The antibiotic-induced change in microbiome resulted in a decrease in home range size. Additionally, unlike our results for open-field exploration, home range size did not correlate with 2 9 0 the Firmicutes/Bacteroidetes gradient (i.e. PC2). This suggests that the increase in relative 2 9 1 abundance of the Enterobacteriaceae was directly responsible for the change in home range. The of microbial metabolites like phenols into the periphery allowing them to reach the brain and 2018). We did not measure social behaviour but, given that the abundant taxa in antibiotic- Finally, the additional ability of these taxa to produce serotonin (O'Mahony et al., 2015) could 3 0 6 also allow them to act on the serotonergic system and modulate behaviour. While it is counterintuitive that antibiotic-treated mice increased their exploration behaviour but If the treatment is countering gavage-induced anxiety and potentially, social withdrawal, then and may also be more likely to visit an already occupied resource. This would preclude the need 3 1 5 to visit farther stations. Additionally, animals with higher exploration or activity levels may 3 1 6 compensate for a higher energetic output by reducing the area over which they are active. Finally, that variation in the microbiome composition (Firmicutes/Bacteroidetes gradient) 3 1 8 unrelated to the antibiotic was also correlated with exploration but not with home range suggests 3 1 9 that different bacterial taxa may influence different behaviours. Survival of mice was unaffected by the antibiotic treatment and chronic gavage. In contrast, 3 2 3 voles treated with antibiotics survived less than the control and the saline group. We could not 3 2 4 differentiate survival from dispersal outside the capture grid, so the data suggest that the 3 2 5 antibiotic did not affect emigration rates in mice. This is consistent with the related decrease in removing the influence of susceptibility to predators on survival. This would most likely affect 3 3 0 voles since mice are mainly active at night when we were absent, while voles are mainly diurnal. It is therefore surprising that the treatment lowered the survival of voles and not that of mice. This difference may indicate potential differences in host-microbiome interactions between the 3 3 3 two species. Given that most of the voles that died during or just after the manipulation were antibiotic-treated and that the manipulation did not kill any mice, death not emigration is the may be more sensitive than mice to pathologies induced by the Enterobacteriaceae such as Escherichia and Shigella are non-pathogenic, some are, and these genera were differentially 3 4 0 abundant in voles but not in mice which may explain their differential survival. Finally, high 3 4 1 population densities can lead to suppressed host immunity and fitness (Svensson et al., 2001) .
Voles had a relatively high population density while the density of mice was low and ten times Antibiotics offer a practical and efficient way of manipulating the microbiome to understand its 3 4 9 function. While widely used in laboratory studies, to our knowledge our study is the first to apply 3 5 0 this method to wild populations. This study provides the first confirmation that the microbiome 3 5 1 can directly modulate behaviour and aspects of life history in a population of wild animals. For all models, we included ID as a random variable and, in models for home range, we included 4 5 1 number of RFID detections as a weighting factor to correct for the potential effect of the number Finally, we measured survival during the treatment period (days 18-41) using Cox proportional 4 5 4 hazards analysis with the package survival in R (Therneau, 2015) . Our data better suited this 
